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Planet Populations as a Function of Stellar
Properties
Gijs D. Mulders
Abstract Exoplanets around different types of stars provide a window into the
diverse environments in which planets form. This chapter describes the observed re-
lations between exoplanet populations and stellar properties and how they connect
to planet formation in protoplanetary disks. Giant planets occur more frequently
around more metal-rich and more massive stars. These findings support the core ac-
cretion theory of planet formation, in which the cores of giant planets form more
rapidly in more metal-rich and more massive protoplanetary disks. Smaller planets,
those with sizes roughly between Earth and Neptune, exhibit different scaling rela-
tions with stellar properties. These planets are found around stars with a wide range
of metallicities and occur more frequently around lower mass stars. This indicates
that planet formation takes place in a wide range of environments, yet it is not clear
why planets form more efficiently around low mass stars. Going forward, exoplanet
surveys targeting M dwarfs will characterize the exoplanet population around the
lowest mass stars. In combination with ongoing stellar characterization, this will
help us understand the formation of planets in a large range of environments.
Introduction
Exoplanets are observed around a diverse set of host stars. The first exoplanet dis-
covered around a main-sequence star, 51 Pegasi b, orbits a star enriched in heavy
elements (metals) compared to the sun (Mayor and Queloz 1995). In contrast, one of
the earliest discovered planets that could conceivably be rocky, Gliese 581e, orbits a
metal-poor M dwarf less than a third the mass of the sun (Mayor et al. 2009). While
these discoveries represent just two examples of the more than thousand exoplan-
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ets known to date, they are indicative of the broader trends between exoplanets and
their host stars that have since emerged from exoplanet surveys, illustrated in Figure
1. Giant planets occur more frequently around more massive and more metal-rich
stars (e.g. Santos et al. 2004; Johnson et al. 2010). Sub-Neptunes occur around stars
with a wide range of metallicities (Sousa et al. 2008; Buchhave et al. 2012), but
occur more frequently around lower mass stars (Howard et al. 2012; Mulders et al.
2015b).
It is no coincidence that the smallest planets were first discovered around M
dwarfs. The lower stellar mass compared to more sun-like stars with spectral types
F, G and K facilitates the detection of less massive planets with radial velocity tech-
niques (e.g. Endl et al. 2003). Similarly, the small size of M dwarfs lead to deeper
transits for a planet of the same size when compared to sun-like stars (Dressing
and Charbonneau 2013). Most exoplanets to date, however, have been discovered
around F, G, and K dwarfs because more bright targets are observable. Hence, an
understanding of survey detection efficiency and selection biases are crucial to un-
derstand trends in the occurrence of the exoplanet population with host star proper-
ties.
Fig. 1 Trends in the exoplanet population as function of stellar mass and metallicity, illustrating
the different behavior of the giant planet population (large pink circles) and planets smaller than
Neptune (small cyan circles). The location of the sun is indicated with a yellow star. The location of
individual symbols is randomly generated, with the density of point corresponding to the exoplanet
occurrence rate. Any resemblance between symbol locations and observed exoplanets is entirely
coincidental.
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While the giant planet-metallicity correlation was initially interpreted as pollu-
tion of the stellar atmosphere by planetary systems (e.g. Gonzalez 1997), it is now
widely accepted that the stellar metallicity is a proxy of the solid inventory of the
protoplanetary disks in which planets form. I has been established that the increased
occurrence of giant planets around high-metallicity stars arises because giant planet
cores are more likely to form in disks with a larger amount of solids (e.g. Ida and
Lin 2004). Similarly, the lower frequency of giant planets around M dwarfs can
be explained by those stars having less massive disks (Laughlin et al. 2004). The
relation between exoplanets and their hosts stars provide stringent constraints on
planet formation theory, as properties of exoplanet host stars trace the conditions in
protoplanetary disks at the time of planet formation.
These trends, however, breaks down for planets smaller than Neptune, hereafter
sub-Neptunes, which poses some urgent questions about the planet formation pro-
cess. Why is the frequency of sub-Neptunes almost independent of stellar metal-
licity, even when the initial inventory of condensible solids must have varied by
an order of magnitude? Do the elevated planet occurrence rates around M dwarfs,
where protoplanetary disk masses were lower, imply that there is something funda-
mentally different about the planet formation process around low-mass stars?
Not all stars are equally amenable for exoplanets discovery and certain types of
stars have been more thoroughly searched than others. To account for these selection
and detection biases, planet occurrence rates can be calculated to infer trends in the
intrinsic planet population. Variations in the planet occurrence rate with stellar pa-
rameters can be estimated from exoplanets surveys under the following conditions:
1. The survey covers a range of stellar properties, with a sufficient number of planet
detections across this range to identify trends.
2. Stellar properties are known for the surveyed stars, including those of stars with-
out detected planets, to estimate the fraction of stars with a given set of properties
hosting planets.
3. The survey completeness can be estimated, to separate observation bias from
intrinsic trends in the exoplanet population.
The focus of this chapter are trends identified in radial velocity and transit surveys
with stellar mass and metallicity, which (mostly) satisfy these three requirements.
Trends for giant planets out to a few au and sub-Neptunes at orbital periods
shorter than a few hundred days are discussed seperately. Emphasis is placed on
studies that take into account the different observation bias and survey detection ef-
ficiency that exist when surveying planets around various type of stars. These trends
are then placed into the context of planet formation theory and models. An out-
look for current and future surveys that can fill in some of the gaps in the current
knowledge of the exoplanets populations around different types of stars is presented
towards the end of this chapter, followed by a brief conclusion.
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Trends with Stellar Metallicity
There is a general consensus that giant planet occurrence rates increase with host
star metallicity, see also the review by Udry and Santos (2007). The giant planet-
metallicity relation is seen in radial velocity surveys of sun-like stars, M dwarfs, and
evolved stars, and has also been identified for transiting planets in the Kepler survey.
However, Sub-Neptunes are found around stars with a wider range of metallicities,
with no clear preference for metal-rich stars. Throughout this chapter, the logarithm
of the iron abundance with respect the solar abundance, [Fe/H], is used to represent
stellar metallicity.
Fig. 2 Giant planet occurrence rate as function of stellar metallicity, from Fischer and Valenti
(2005) figure 5. The red solid line shows a quadratic relation between planet occurrence and stellar
metallicity (β = 2, eq. 1). Figure reproduced from Fischer and Valenti (2005) with permission from
the authors.
Positive Giant Planet-Metallicity Correlation
Giant planets occur more frequently around stars with higher metallicities (See Fig.
2). The first indications of a planet-metallicity correlation were found by Gonzalez
(1997) and Marcy et al. (1997) based on metallicities of a handful of exoplanet hosts
including 51 Peg b. The trend that giant planets are preferentially found around
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metal-rich host stars was subsequently recovered in larger samples (Gonzalez 1998;
Fuhrmann et al. 1998; Santos et al. 2000; Gonzalez et al. 2001; Sadakane et al. 2002;
Laws et al. 2003).
As outlined in the preceding section, characterizing star properties of non-planet
hosts and detection efficiency of the survey are critical to separate observation bias
from intrinsic planet population. Santos et al. (2001, 2003) measured abundances
for non-planet hosting stars and found that the giant planet hosts are systematically
more metal-rich in a volume-limited sample. The detection frequency of giant plan-
ets was shown to increase with metallicity in a volume-limited sample of stars from
the Hipparcos catalog (Reid 2002). Santos et al. (2004) estimated planet occurrence
rate as function of metallicity and identified a positive correlation at super-solar
metallicities. The high occurrence rate of giant planets around metal-rich stars was
confirmed by (Fischer and Valenti 2005, see also Fig. 2), who derived stellar abun-
dances of stars in the Keck, Lick, and Anglo-Australian Telescope planet search
surveys.
The occurrence rate of giant planets is a strong function of metallicity and scales
roughly with the square of the number of iron atoms. At super-solar metallicities,
[Fe/H]> 0, where planet detections are plenty, metallicity increases by a factor of 5
from∼ 5% at [Fe/H] = 0 to∼ 25% at [Fe/H] = 0.5. At lower metallicities, the shape
of the metallicity distribution is less well quantified due to few planet detections,
with a giant planet occurrence rate of approximately ∼ 2− 3% (e.g. Santos et al.
2004). The functional form of the planet occurrence-metallicity correlation is often
assumed to be a power-law1
fgiant ∝ 10β [Fe/H], (1)
with index β ≈ 2 (e.g. Fischer and Valenti 2005; Udry and Santos 2007; Sousa
et al. 2011). Johnson et al. (2010) showed that such a functional form provides a
better fit than a flat distribution at sub-solar metallicities. The planet occurrence
rate likely continues to decrease at metallicities below [Fe/H]<−0.5 (Santos et al.
2011; Mortier et al. 2012), consistent with the non-detection of giant planets in
metal-poor clusters (e.g. Gilliland et al. 2000). However, Mortier et al. (2013a) also
argue that planet statistics at low metallicity are too small to discriminate between a
linear function and a power-law.
Transiting Giant Planets The planet-metallicity correlation has also been identi-
fied for transiting planets in the Kepler survey. The biggest challenge in identifying
this correlation lies in characterizing stellar properties, in particular for non-planet
host stars. The volume of stars searched for transiting planets is much larger than in
radial velocity surveys – both in terms of absolute numbers and galactic distance –
and characterization of stellar properties with high spectral resolution observations
requires a significant investment in observing time. For this reason, most surveys
have focused on characterizing planet-hosting stars (Everett et al. 2013; Buchhave
et al. 2014; Johnson et al. 2017). At time of writing, the stellar properties of the
1 Note that [Fe/H] is the logarithm of the iron abundance.
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majority of Kepler targets are based on broad-band photometry (e.g. Mathur et al.
2017), where the derived metallicity is unreliable (Brown et al. 2011, see also Gai-
dos and Mann 2014; Huber et al. 2014) and giant planet occurrence rates as a func-
tion of spectroscopic metallicity have not yet been calculated.
A giant planet-metallicity relation in the Kepler survey was first identified based
on photometry by Schlaufman and Laughlin (2011), who find that giant planet hosts
have systematically redder colors than non-planet hosts, consistent with a metallicity
increase in 0.2 dex. Spectroscopic characterization of exoplanet host stars show
that planets larger than 4 R⊕ are preferentially found around stars with a super-
solar metallicity of 0.15–0.18 dex (Buchhave et al. 2012, 2014; Winn et al. 2017).
This result was confirmed by Everett et al. (2013) who found that giant planets
only occur around high-metallicity stars ([Fe/H] > −0.05 dex). Wang and Fischer
(2015) foundnd 10 times more planets around metal-rich stars based on photometric
metallicities, consistent with a power-law index β = 2 as found in radial-velocity
surveys. Medium-resolution spectroscopic metallicities from LAMOST also show
a similar metallicity increase of ∼ 0.14 dex for giant planet hosts (Mulders et al.
2016).
Dwarfs and Giants The giant planet-metallicity correlation is also present in stars
with lower and higher masses than the sun. Low-mass M dwarfs (. 0.5M) are
found to be enhanced in metallicity when they host giant planets (Bonfils et al.
2007; Johnson and Apps 2009; Rojas-Ayala et al. 2012; Terrien et al. 2012). The
exponent of the occurrence rate-metallicity correlation, in the range β = [1.26,2.94],
is consistent with that of sun-like stars (Neves et al. 2013). The planet-metallicity
correlation is less statistically robust than for FGK dwarfs due to a lower number of
planet detections (Schlaufman and Laughlin 2010; Gaidos and Mann 2014).
Giant and sub-giant stars that have evolved off the main sequence provide an op-
portunity to measure planet occurrence rates around higher mass stars (& 1.5M).
The giant planet-metallicity correlation is less well established for these evolved
stars than for main-sequence stars. Hekker and Melendez (2007) found the first in-
dications that evolved planet hosts are more metal-rich than non-planet hosts. Sub-
sequent studies did often not find a planet-metallicity correlation (Pasquini et al.
2007; Takeda et al. 2008; Mortier et al. 2013b), showed mixed results (Maldonado
et al. 2013; Jofre´ et al. 2015), or did recover a correlation (Wittenmyer et al. 2017).
Limiting this chapter to planet occurrence rate studies, i.e. those that take into ac-
count detection efficiency and sample selection, the planet occurrence rate is found
to increase with stellar metallicity (Johnson et al. 2010; Reffert et al. 2015; Jones
et al. 2016).
A Wide Range of Stellar Metallicity for sub-Neptunes
Planets smaller than Neptune form around stars with a wide range of metallicities
(Sousa et al. 2008; Buchhave et al. 2012). The planet-metallicity correlation identi-
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Fig. 3 Metallicity of planet host stars as function of planet radius. Points represent spectroscopic
metallicities of Kepler exoplanet hosts from Buchhave et al. (2014). The average host star metal-
licity correlates with planet radius, as indicated for a set of discrete radius bins shown in orange
(Buchhave et al. 2014) and for a continuous planet radius-metallicity relation (Schlaufman 2015)
shown with the dashed purple line. The expected range of planet radii from In Situ planet formation
models by Dawson et al. (2015) are shown in cyan.
fied for giant planets disappears when considering smaller planets (Fig 3, Buchhave
et al. 2014).
Neptunes The first indications that Neptune-mass planets are not preferentially
found around metal rich stars, as opposed to giant planet hosts, were found by
Udry et al. (2006) in a sample including M dwarfs planet hosts, and later con-
firmed by Sousa et al. (2008). The possibility that a higher planet occurrence rate of
Neptune-sized planets around M dwarfs contributed to this correlation was investi-
gated by Ghezzi et al. (2010), who recovered the wide range of stellar metallicities
for Neptune-mass planet hosts in a sample of FGK dwarfs. This trend was con-
firmed by Mayor et al. (2011), who show that planets less massive than 30-40M⊕
are equally common around metal-poor and metal-rich stars. The same metallicity-
independence was found for M dwarfs hosting Neptune mass and smaller planets
(Rojas-Ayala et al. 2012; Neves et al. 2013).
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Transiting sub-Neptunes The large number of planets smaller than Neptune dis-
covered by the Kepler mission provide a unique opportunity to constrain the
metallicity-dependence of planets down to Earth-sizes. Follow-up high resolution
spectroscopy of Kepler exoplanet hosts confirm that sub-Neptunes form around a
wide range of stellar metallicities ([Fe/H] ≈ [−0.6− 0.5]) and extend this trend to
Earth-sized planets (Buchhave et al. 2012; Everett et al. 2013; Mann et al. 2013).
Buchhave et al. (2014) divided the sample into rocky planets (R < 1.7R⊕) and
gas dwarfs (1.7R⊕ < R < 3.9R⊕) and find that the mean metallicity of rocky plan-
ets is consistent with solar. On the other hand, the larger gas dwarfs have a mean
metallicity of [Fe/H] = 0.05 that is significantly higher than non-planet hosting stars
(Buchhave and Latham 2015). Such a trend is consistent with a planet-metallicity
correlation for the maximum size/mass of Neptunes (Courcol et al. 2016; Petigura
et al. 2017b). However, Schlaufman (2015) argue that the Kepler data is better de-
scribed by a continuous increase in metallicity with planet radius (Figure 3).
Planet occurrence rates as a function of spectroscopic metallicity were calculated
by Mulders et al. (2016) for a sample of 20,000 Kepler target stars with medium
resolution spectroscopy from Frasca et al. (2016). They find no difference in the oc-
currence rate of sub-Neptunes as a function of metallicity, except at orbital periods
smaller than 10 days (see also Wilson et al. 2017; Petigura et al. 2017a). This ele-
vated occurrence rate at short orbital periods is consistent with the higher detection
frequency of sub-Neptunes around metal-rich stars (Wang and Fischer 2015; Zhu
et al. 2016).
Several other papers have pointed out trends in host star metallicity with the
planet orbital period distribution (Beauge´ and Nesvorny´ 2013; Adibekyan et al.
2013; Dawson et al. 2015; Dong et al. 2017), though there is some disagreement on
the planet radius and orbital period where these transitions occur. The trend identi-
fied by Adibekyan et al. (2016) that small (< 2 R⊕) planets interior to the habitable
zone may predominantly found in low-metallicity stars is tantalizing, but was found
to not be significant when taking into account detection completeness by Mulders
et al. (2016).
Trends With Stellar Mass
The correlation between planet occurrence and stellar mass is dependent on planet
size (Fig. 5). Giant planets occur more frequently around higher-mass stars (Fig.
4, Johnson et al. 2010), but the dependence is weaker than that with metallicity
and less statistically significant. Sub-Neptunes, those found in abundance with the
Kepler survey, occur more frequently around low-mass M dwarfs (Fig 6, Mulders
et al. 2015c).
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Fig. 4 Giant planet occurrence as function of stellar mass, from Johnson et al. (2010) figure 4. The
histogram shows the observed planet occurrence rate. The red red line show the predicted planet
occurrence rate based on the metallicity distribution of stars in each stellar mass bin. The blue line
shows the stellar-mass dependence at solar metallicity, compare to the predicted relation from the
planet formation model by Kennedy and Kenyon (2008). Figure reproduced from Johnson et al.
(2010) with permission from the authors.
Giant planets
Giant planets are found less frequently are low-mass M dwarfs than around sun-like
stars and more frequently around evolved stars with higher masses (Fig. 4). How-
ever, the presence of a giant planet-stellar mass correlation is less well established
than the planet-metallicity correlation. The main challenge lies in correcting for the
planet-metallicity correlation, which is stronger ( fgiant ∝ [Fe/H]2) than the planet-
mass correlation ( fgiant ∝M?).
Tentative evidence for a decreased giant planet occurrence around M dwarfs
compared to sun-like stars was found by Laws et al. (2003) and Endl et al. (2006).
The giant planet occurrence rate within 2.5 au increases by a factor of ∼ 3 from M
stars to sun-like stars (Butler et al. 2006; Cumming et al. 2008). Planet occurrence
rates for a sample of late K dwarfs support the positive correlation with stellar mass
(Gaidos et al. 2013).
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Taking metallicity into account, the giant planet occurrence rate increases roughly
linear with stellar mass between M dwarfs, GK stars, and retired A stars (Johnson
et al. 2007, 2010, Fig. 4). The stellar-mass dependence has also been identified for
giant planets at longer orbital periods by including radial-velocity trends and micro-
lensing data (Montet et al. 2014; Clanton and Gaudi 2014). However, Mortier et al.
(2013a) and Gaidos and Mann (2014) show that the lower occurrence rate around
M dwarfs compared to sun-like stars is not statistically significant: the data are con-
sistent with both a linear or no dependence on stellar mass. No residual trends with
stellar mass are found within radial velocity samples of sun-like stars (Fischer and
Valenti 2005) or M dwarfs (Neves et al. 2013). The planet occurrence rate around
giant stars increases with stellar mass up to 2 M but decreases at larger stellar mass
(Reffert et al. 2015; Jones et al. 2016).
The giant planet occurrence rate in the Kepler transit surveys is low, consistent
with the predictions from radial velocity surveys (Dressing and Charbonneau 2013).
The occurrence rate of giant planets with orbital periods less than 50 days is more
than two times higher for FGK stars than M stars (Mulders et al. 2015c). Ground-
based transit surveys do not yet have the statistics to confirm the lower occurrence
rate of giant planets around M stars (Obermeier et al. 2016), though new discoveries
provide opportunities to constrain their occurrence rate (Bayliss et al. 2017).
The Sub-Neptune Exoplanet Population
Planet occurrence rate increases steeply towards lower-mass planets around sun-
like stars (e.g. Howard et al. 2010, 2012). The shape of the planet radius distribution
is dependent on stellar mass: the planet occurrence rate increases even steeper for
low-mass M dwarfs (Figure 5, Mulders et al. 2015c). Neptune-mass and smaller
planets are commonly found around M dwarfs in radial velocity surveys, where the
smaller mass ratio between star and planet favors planet detection compared to FGK
stars. The sub-Neptune exoplanet population is most constrained by Kepler, whose
detection efficiency reaches down to earth radii and smaller at short orbital periods.
High planet occurrence around low-mass stars The increase in exoplanet occur-
rence with decreasing effective temperature (a proxy of stellar mass) was discovered
by Howard et al. (2012). Taking into account differences in detectability between
stars of different sizes in the Kepler survey, they find that the occurrence rate of
planets between 2-4 R⊕ is anticorrelated with effective temperature and increases
by a factor 7 between the hottest stars in the sample (late F stars) and the coolest
stars (late M dwarfs). This trend was extended down to Earth-sized planets by Mul-
ders et al. (2015b), who found an increase in planet occurrence rate between F,G,K,
and M type stars at all orbital periods. The occurrence rate of (late) M stars com-
pared to FGK stars is a factor ∼ 2-4 higher at planet radii between 1 and ∼ 3R⊕
(Mulders et al. 2015c; Gaidos et al. 2016). At larger planet radii (> 4R⊕), the trend
reverses and planets become more common around sun-like stars (Figure 5) as dis-
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Fig. 5 Debiased planet radius distribution of exoplanets around M dwarfs (purple) and FGK stars
(cyan), from Mulders et al. (2015c) Figure 5. Planets smaller than 2.8 R⊕ are 3.5 times more
abundant around M stars, while giant planets occurrence is at least a factor 2 higher around FGK
stars.
cussed before. This trend is not a result of selection and detection biases as briefly
discussed below.
Detection biases Occurrence rate calculations take into account planet detection
efficiency as function stellar properties such as stellar size and noise level. At
this point it is worth noting that many occurrence rate studies employing differ-
ent methodologies have been conducted on the Kepler sample of M dwarfs that
generally find good agreement on planet occurrence rates (Dressing and Charbon-
neau 2013; Morton and Swift 2014; Dressing and Charbonneau 2015; Mulders et al.
2015c; Gaidos et al. 2016). Comparison with occurrence rate studies around sun-like
stars can be made – though one has to keep in mind that different treatment of de-
tection efficiency can affect occurrence rate estimates (e.g. Christiansen et al. 2015;
Burke et al. 2015). Figure 6 shows the occurrence of rate of sub-Neptunes (1−4 R⊕)
at orbital periods less than 50 days as a function of stellar effective temperature as
estimated by different studies. For purposes of this comparison, occurrence rates
were rescaled when only estimates for a different range of planet properties were
available, assuming a uniform occurrence in log planet radius and log orbital pe-
riod. While there is significant scatter in occurrence rates at similar effective tem-
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peratures, the elevated planet occurrence rates around M dwarfs compared to FGK
stars is clearly present.
Fig. 6 Overview of planet occurrence rates as a function of effective temperature in the literature
for planets between 1-4R⊕ and P < 50 days. Occurrence rates were re-scaled assuming uniform
occurrence in log period and log radius for purpose of this comparison. The occurrence rates for
low-mass M dwarfs are systematically higher than those of FGK stars. Two studies (Howard et al.
2012; Mulders et al. 2015c) also show trends within the sample of F,G, and K stars. References –
Dressing and Charbonneau (2015); Mulders et al. (2015c); Morton and Swift (2014); Gaidos et al.
(2016); Howard et al. (2012); Silburt et al. (2015); Fressin et al. (2013); Youdin (2011); Dong and
Zhu (2013); Petigura et al. (2013).
Selection effects Because Kepler is a magnitude-limited survey, more luminous
stars can be detected at larger distances. The observed population of more mas-
sive stars is therefore, on average, more distant from the sun and higher above the
galactic plane, and may probe a stellar population that may be older and lower in
metallicity. Future and ongoing transit surveys may quantify the effect of differ-
ent galactic locations on planet occurrence rates. The differences in the distribution
of stellar metallicities between M dwarfs and FGK stars are small. Howard et al.
(2012) show that, based on galactic stellar models, the expected differences in mean
metallicity between stars of different spectral types probed with Kepler is less than
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0.1 dex. Spectroscopic metallicities for the Kepler M dwarf sample are consistent
with the metallicity distribution in the solar neighborhood (Mann et al. 2013). The
average metallicity of sun-like stars in the Kepler field appears to be sub-solar (e.g.
Dong et al. 2014), but the metallicity difference is too small to have a large impact
on the giant planet population (e.g Guo et al. 2016). For smaller planets, in particu-
lar those orbiting M dwarfs, the occurrence rate does not have a strong dependence
on metallicity (Mann et al. 2013; Gaidos et al. 2016). Therefore a different distribu-
tion of stellar metallicity is unlikely to explain the elevated planet occurrence rates
of M dwarfs.
Constraints On Planet Formation Mechanisms
The dependence of the exoplanet population on host star properties provides con-
straints on planet formation mechanisms. The positive correlations of giant planet
occurrence rate with stellar mass and metallicity support the core accretion scenario
of giant planet formation. The constraints provided by the lack of a clear correlation
for sub-Neptunes with stellar metallicity and the anti-correlation with stellar mass
have yet to be determined. These trends indicate that planet formation is a robust
and efficient process that takes place in a variety of environments.
Formation of Giants Planets
The core accretion scenario postulates that giant planets form “bottom up” with the
formation of a ∼ 10M⊕ solid core followed by a subsequent phase where most of
the gas is accreted (Pollack et al. 1996). As the envelope has to be accreted before
the protoplanetary disk gas is dispersed, typically ∼ 3 million years (e.g Mamajek
2009), the growth of the core has to be sufficiently rapid to allow giant planets to
form. The time scale for core growth depends on the amount of material locally
available in the disk, i.e. the solid surface density. Giant planets form only in pro-
toplanetary disks with a sufficiently high surface density of solids (e.g. Ikoma et al.
2000; Kokubo and Ida 2002).
The stellar metallicity is a tracer of the solid inventory in protoplanetary disks
at the onset of planet formation. Stars and protoplanetary disks inherit the same
metallicity from the parental molecular cloud. Stars with a high metallicity formed
with disks with a high solid surface density, and are therefore more likely to form
giant planets. Numerical simulations of core formation and envelope accretion in
disk with different metallicities consistently reproduce the observed giant planet-
metallicity correlation (e.g. Ida and Lin 2004; Kornet et al. 2005; Ida and Lin 2008;
Mordasini et al. 2009b).
A similar argument can be made for the dependence of the giant exoplanet pop-
ulation on stellar mass. Protoplanetary disks mass, both gas and solids, scales with
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stellar mass (see Fig. 7), while giant planets are more likely to form in more massive
disks (e.g. Thommes et al. 2008). By extension, the core accretion model predicts
a positive correlation between giant planet occurrence and stellar mass. Based on
analytical estimates, Laughlin et al. (2004) predict fewer giant planets around M
dwarfs. Detailed numerical simulations show a nearly linear dependence of giant
planet occurrence on stellar mass (Ida and Lin 2005; Kennedy and Kenyon 2008;
Alibert et al. 2011), consistent with the observed trends (Figure 4).
Gravitational instability In the gravitational instability scenario, giant planets
form “top down” from the contracting gas in massive protoplanetary disks (Boss
1997). This formation mechanism predicts different dependence on stellar mass and
metallicity. A high disk metallicity inhibits cooling and contraction of the gaseous
envelope, and therefore giant planets should form more efficiently around low-
metallicity stars (Meru and Bate 2010). Gravitational instabilities should also form
planets efficiently around M dwarfs (Boss 2006). The observed positive correlations
between giant planet occurrence with stellar mass and metallicity indicate that plan-
ets at short orbital periods likely did not form through gravitational instability in a
protoplanetary disks.
Increasing Stellar Metallicity by Accretion of Planets Accretion of planets can
increase the stellar metallicity if planets are more metal-rich than their host star.
It was initially suggested that the enhanced metallicity of planet-hosting stars is
caused by the accretion of planets or solids (Gonzalez 1997), instead of planet for-
mation being more efficient around more metal-rich stars. The observational signa-
ture of planetary accretion is only large enough if the accreted metals are not mixed
throughout the entire star, but remain near the surface in the convective zone. In F
and A stars, the convective zone is thin enough that the accretion of solids can lead
to a metallicity increase that is consistent with observations (Laughlin and Adams
1997). For lower-mass stars the convective zones are deeper and the metallicity
signature of accreted planets should drop below detectable levels for G type and
earlier stars (Laughlin and Adams 1997). This prediction is inconsistent with the
observed giant-planet metallicity relation for these stars (e.g. Fischer and Valenti
2005) as well as for M dwarfs (e.g. Neves et al. 2013). Once stars evolve off the
main-sequence, mixing should increase, thereby diluting the metallicity enhance-
ment from planetary accretion. However, the planet metallicity correlation is also
observed in evolved stars (e.g. Johnson et al. 2010; Reffert et al. 2015; Jones et al.
2016). Hence, the hypothesis that planetary accretion causes the planet-metallicity
correlation is no longer supported by observational evidence.
Formation of sub-Neptunes
The different scaling laws with stellar mass and metallicity indicate a different for-
mation history for giant planets and sub-Neptunes. Indeed, the comparison between
the predictions of the core accretion model (Lin 2008; Mordasini et al. 2009a) with
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the population of sub-Neptunes detected in radial velocity surveys (Howard et al.
2010) and the Kepler transit survey (Howard et al. 2012) show that the predicted
“planet desert” at orbital period less than 50 days is indeed well-populated, high-
lighting the need to amend planet formation theory for sub-Neptunes.
The moniker of ‘core accretion’ is not particularly useful when discussing sub-
Neptunes as they are, almost by definition, the planets that did not accrete massive
gaseous envelopes. The planet formation mechanisms discussed here are almost ex-
clusively focused on sub-Neptunes and it should be kept in mind that these new
mechanisms are to amend, not replace, core accretion theory.
Several planet formation mechanisms have been proposed to explain the pres-
ence of small planets at short orbital periods (e.g. Raymond et al. 2008). The two
mechanisms that are of most relevance here are In Situ formation and Planet Migra-
tion.
In Situ Formation The In Situ Formation scenario for exoplanets is based on ter-
restrial planet formation in the Solar System. Planetary embryos in the protoplane-
tary disk can grow through oligarchic growth to a fraction of the final planet mass,
typically Mars-size at 1 au (e.g. Lissauer 1987; Kokubo and Ida 2000, 1998) After
the gas disk disperses, gravitational interactions increase the protoplanet eccentrici-
ties and makes them collide and merge, leading to a phase of giant impacts in which
planets grow to their final masses (e.g. Chambers and Wetherill 1998; Wetherill
1985). As the majority of the accreted material is sourced from a region close to the
planets final orbit, the planet mass is directly dependent on the local surface density
of planetary building blocks (Kokubo and Ida 2002). Chiang and Laughlin (2013)
proposed that planetary systems observed with Kepler could have formed In Situ
in disks that are on average more massive than the protoplanetary disk around the
sun. N-body simulations of the giant impact phase show that disks with high surface
density of solids in the inner regions can indeed form Kepler-like planetary systems
(Hansen and Murray 2012, 2013). The main criticism of the In Situ planet formation
model is that it is not clear if the inner regions of protoplanetary disks can indeed
contain enough mass that grow into planetary embryos (Schlichting 2014).
Planet Migration The Planet Migration hypothesis is built on he theoretical ex-
pectation that low-mass planets embedded in a gaseous disk undergo rapid inward
migration (Type-I migration, Ward 1997). Because planetary embryos can grow to
larger sizes in the outer disk where more material is available, Planet Migration
does not require disks to be particularly massive (e.g. Swift et al. 2013). The type-I
migration time scales are short (< 105 years) compared to the disk life time of a
few million years (e.g. Mamajek 2009), and migration needs to be halted in the in-
ner disk. Possible mechanisms to stall migration include an inner disk cavity (e.g.
Terquem and Papaloizou 2007), resonant capture by other planets, and regions of
outward migration due to disk density and temperature structure (Dittkrist et al.
2014; Cossou et al. 2014). The largest challenge for planet migration hypothesis is
that the observed multi-planet systems are often not in orbital resonances as pre-
dicted from convergent migration (Fabrycky et al. 2014), though different mecha-
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nisms have been proposed to break resonances after formation (Rein 2012; Goldre-
ich and Schlichting 2014; Izidoro et al. 2017).
These two scenarios are not mutually exclusive. Planet Migration models often
include a a giant impact phase during or after migration. In Situ formation models
often invoke, explicitly or implicitly, an inward migration phase of solids to increase
the amount of planetary building blocks in the inner disk (e.g. Hansen and Murray
2012). Despite these nuances, Planet Migration and In Situ remain useful concepts
in discussing the origin the observed trends with stellar mass and metallicity.
Metallicity Dependence The stellar metallicity is a direct measure of the amount
of condensible solids that was available for planet formation in the disk. The base
expectation is that the mass in planetary systems correlates positively with disk
metallicity. The In Situ formation simulations in Dawson et al. (2015) show that,
for a range of metallicity of a factor 10, the predicted planet radii vary between
1-4R⊕, with significant scatter (see also Figure 3). A clear planet size-metallicity
relation is not seen in the observed population of small exoplanets. There is tentative
evidence for a lack of rocky (< 2R⊕) planets at high metallicities at a limited orbital
period range (Dawson et al. 2015; Adibekyan et al. 2016), though this trend may not
be statistically significant when taking into account survey completeness (Mulders
et al. 2016). The predicted lack of sub-Neptunes (2− 4R⊕) at low metallicity is
not observed. However, a planet size-metallicity relation appears to be present for
planets more massive than Neptune (Courcol et al. 2016; Petigura et al. 2017b).
The elevated host star metallicity of transiting sub-Neptunes (Buchhave et al. 2014;
Buchhave and Latham 2015) seems to support In Situ formation scenario, perhaps
with a much wider range in planet radii than predicted by (Dawson et al. 2015).
On the other hand, the planet size-metallicity relation inferred for Kepler planets by
Schlaufman (2015) is significantly shallower than linear, see Figure 3. Hence, it is
clear that the planet-metallicity correlation predicted by In Situ formation models is
not observed.
In the Planet Migration scenario, the mass of planets that form in outer disk is
also dependent on disk metallicity. However, the subsequent inward migration may
shape the observed distribution of exoplanets in a different way. Cossou et al. (2014)
find that super-earths consistently form in a set of simulations varying the dust-to-
gas ratio, a proxy of metallicity, by a factor 4. The total mass of planetary systems
show an almost linear dependence on metallicity, and hence does not deviate sig-
nificantly from the predictions of In Situ formation models. Coleman and Nelson
(2016) model the growth and migration of super-earths, and find that planets in
low-metallicity disks do not reach the mass required for efficient inward migration,
and hence close-in super-earths do not form. Instead small mobile bodies (pebbles)
must play an important role in the formation of super-earths, though the predictions
of such a model have not been explored in detail.
Low Mass Stars The anti-correlation between the occurrence of planets at short
orbital period and the stellar mass poses an urgent problem for planet formation
theories: How to explain the elevated planet occurrence rates of low mass stars if
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Fig. 7 Average mass in solids around stars of different masses. Blue bars show the average solid
mass of planetary systems within an orbital period of 150 days from Mulders et al. (2015c), esti-
mated assuming the mass-radius relation from Wolfgang et al. (2016) and a solid mass of 20 M⊕
per giant planet. Red bars show the amount of solids in giant planets out to ∼ 2.5 au estimated
from the occurrence rates in Johnson et al. (2010) and assuming 20 M⊕ of solids per planet. The
dashed lines shows dust masses of protoplanetary disks in the Chamaeleon I star forming region
from Pascucci et al. (2016). The different slopes of the two lines reflect some of the uncertainties
in the derived stellar-mass dependence. The black triangle indicates the location of the Trappist-1
planetary system (Gillon et al. 2017) using planet masses from Wang et al. (2017).
less material is available in their disks to form planets? Figure 7 illustrates this
issue, showing the estimated amounts of solids around stars of different masses in:
• Protoplanetary disks in the Chamaeleon I star forming region, from Pascucci
et al. (2016), probing solids at scales of ∼ 10−100 au.
• Planets at orbital periods less than 150 days in the Kepler survey, from Mulders
et al. (2015c).
• Giant planets out to 2.5 au, from Johnson et al. (2010), assuming 20M⊕ of solids
per giant planet.
While the solids in giant planets and protoplanetary disks show a positive scaling
with stellar mass, this relation breaks down for sub-Neptunes at short orbital periods.
The estimated amount of solids in M dwarf planetary systems is higher than that in
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sun-like stars (Mulders et al. 2015c; Gaidos 2017), reflecting the trend in planet
occurrence.
Many studies have assumed a linear dependence of disk solids on stellar mass
based on simple scaling arguments, pre-dating a robust determination of such a lin-
ear relation (Williams and Cieza 2011; Mohanty et al. 2013; Andrews et al. 2013,
e.g.). Recent surveys of star forming regions with ALMA show that the disk mass-
stellar mass relation is in fact even steeper than linear (e.g. Barenfeld et al. 2016;
Ansdell et al. 2016; Pascucci et al. 2016) with a power-law index between 1.1–1.9
depending on assumptions of how the disk temperature scales with stellar mass.
While millimeter observations probe the solid inventory at scales of ∼ 10–100 au
that are significantly larger than the radial velocity and transit planets populations
discussed here, they do confirm the expectation that disk properties scale with stellar
mass.
A strict In Situ formation model for sub-Neptunes, where planet mass is directly
related to mass available in disk (e.g. Raymond et al. 2007; Ciesla et al. 2015), is
not favored by stellar-mass dependencies as evident from Figure 7. Radial redis-
tribution of material likely plays a role, as illustrated in Figure 8. There is some
evidence in the exoplanet population that the solid distribution in M dwarf disk may
have been more centrally peaked than for sun-like stars (Gaidos 2017), perhaps re-
flecting more efficient radial drift of dust around low-mass stars (Pinilla et al. 2013).
Besides disk mass, the lower luminosity of less massive stars (both on the main se-
quence and pre-main-sequence) means that disk are cooler than their counterparts
around higher mass stars. Structural differences in the density and temperature of
disks around lower-mass stars move the location of characteristic radii that may play
a role in the formation of planets, such as the location of an inner cavity (Lee and
Chiang 2017), sublimation fronts of silicates (Boley et al. 2014) and ices (“snow
line”) (Mulders et al. 2015a), regions of outward planet migration, and dead zone
boundaries (Hasegawa and Pudritz 2010). Because these radii do not directly im-
pact the surface density of solids but may affect planet trapping and migration, it is
tempting to point to planet migration as origin of the observed trends. However, as
noted before, it is not clear how an enhancement of the inner disk density by drift of
solids that precedes the giant impact phase would impact the planet population.
Stellar mass dependencies in the planet formation and migration process have
been investigated by a number of studies. Planet population synthesis models with a
reduced type-I migration rate produce more small planets around M dwarfs, because
Neptune-mass planets can migrate in through type-II migration in low-mass stars
(Alibert et al. 2011; Ida and Lin 2005). However, because of the reduced type-I
migration rate, the predicted planet populations are not consistent with the observed
occurrence of sub-Neptunes (e.g. Howard et al. 2012). Recent models include more
realistic descriptions of type-I migration (Alibert et al. 2013; Dittkrist et al. 2014),
but it is not yet clear how they affect the distribution of planets around lower mass
stars.
Hasegawa and Pudritz (2013) model planet formation and migration around stars
ranging in mass from 0.5M to 1.5M, investigating the effect of stellar-mass de-
pendent disk structure on type-I migration. They find that the population of close-in
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Fig. 8 Illustration of stellar-mass dependencies in the exoplanet and protoplanetary disk popula-
tion. This visualization highlights the role that radial redistribution of solids through inward planet
migration or radial drift may play in shaping the observed distribution of planets at short orbital
periods, in particular the elevated occurrence of planets around M dwarfs.
small planets (< 0.7 au, < 30M⊕) is less sensitive to the stellar mass than the pop-
ulation of giant planets, and even shows an occurrence rate of M stars that is higher
than for solar-mass stars. While this trend is encouraging, the total mass of planetary
systems formed is still a strong function of disk mass, with the majority of mass in
giant planets at larger orbital periods. It is not clear if these results hold up in simula-
tions that predominantly form sub-Neptunes, as the occurrence rate of giant planets
may be too low to explain the elevated occurrence rates around low-mass stars (Mul-
ders et al. 2015b,c). Nonetheless, an anti-correlation between close-in planets and
long-period giants has been suggested based for different planet formation scenarios
(e.g. Izidoro et al. 2015; Batygin and Laughlin 2015)
Future Directions
The current census of exoplanets is incomplete for very low mass stars, and it is not
clear whether the anti-correlation between stellar mass and planet occurrence rate
extends to the lowest mass stars. The lowest mass M dwarfs have been targeted by
ground-based exoplanet surveys such as MEarth (Berta et al. 2012) and TRAPPIST
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(Jehin et al. 2011). These surveys have yielded spectacular discoveries for exoplanet
atmospheric characterization (e.g. Charbonneau et al. 2009; Gillon et al. 2017), but
their sample sizes are typically two orders of magnitude smaller than more sensi-
tive space-based surveys. Nonetheless, placing these results in the context of trends
identified with Kepler (see Figure 7) will provide new insight into planet formation
around low-mass stars.
K2, the re-purposed Kepler mission, is surveying different regions along the
galactic plane, drastically increasing the number of stars surveyed for transiting
planets. A large fraction of its target stars are low-mass K and M dwarfs (∼ 41% of
all stars in the first two years, Huber et al. 2016). With more than 100 exoplanets
discovered and a projected planet yield up to∼ 1000 planets (Crossfield et al. 2016),
the K2 mission has the prospect to significantly advance our understanding of the
exoplanet population around low-mass stars. Putting these results into context of the
exoplanet population studies performed with Kepler will require an estimate of the
survey detection efficiency of K2 (e.g. Foreman-Mackey et al. 2015) as well as a
reliable estimate of stellar parameters (e.g. Dressing et al. 2017).
TESS, the Transiting Exoplanet Survey Sattelite launched in april 2018, will per-
form an all-sky survey of transiting planets around bright stars, including M dwarfs
(Ricker et al. 2014). The area of the sky surveyed will be ∼ 400 larger than the
initial Kepler field, though the majority of stars will be surveyed for less than 27
days. Habitable zone transiting planets are only accessible around M stars, which
constitute a large fraction of the ∼ 200,000 TESS target stars (Sullivan et al. 2015).
The majority of planets smaller than 2 R⊕ are expected to be discovered around
M dwarfs. Combined with estimates of the survey detection efficiency (e.g. Wang
et al. 2016), TESS will constrain the population of (short-period) exoplanets around
M dwarfs.
Conclusions
Giant planets occur more frequent around more massive and more metal-rich stars.
These trends support the core-accretion scenario for giant planet formation in which
accretion of a gaseous envelope starts after a sufficiently rapid assembly of a massive
rocky core. The threshold for reaching the critical core mass is reached more easily
in protoplanetary disks with a larger amount of condensible solids around metal-rich
stars and in more massive disks around more massive stars.
These results stand in contrast to the population of exoplanets smaller than Nep-
tune, those that are found in abundance with Kepler and represent the bulk of the
exoplanet population. These sub-Neptunes are found around stars with a wide range
of metallicities, indicating that planet formation is a robust process that occurs ef-
ficiently in a variety of environments. Curiously, sub-Neptunes occur much more
frequently around low-mass M dwarfs than around solar-mass stars, at least at sep-
arations much less than an au. Why lower-mass disks around lower mass stars pro-
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duce more planets remains unclear, but may be connected to the inward migration
processes in protoplanetary disks that take place during planet formation.
Future and ongoing surveys of transiting exoplanets around lower mass stars,
combined with characterization of stars in these surveys, may shed new light on the
formation of planets in a wide range of stellar environments.
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